The power transformer is a vital asset within the electrical network and infrastructure. Hence, failures can cause large financial and societal impacts. One means of transformer failure occurs when the transformer is operated at excessively high load, for instance due to high user demand for electricity, or through circumstances such as failure of a parallel transformer. The overload increases the transformer operating temperature. This may generate bubbles within the transformer, which has been identified as one of the failure mechanisms. Better understanding of the scenarios where this may occur can arm the transformer operator to mitigate bubbling events, thus preventing premature transformer failures. Current knowledge regarding bubbling caused by loading and temperature is still not fully understood. Although a few studies have looked into this phenomenon, they have not yet determined a consistent or complete set of results for temperature versus condition or load. Within this study, the different experimental methods and designs used by different researchers are compared in order to draw out the reasons for variance between them, as well as to inform future studies as to the importance of these features to the temperature results.
I. INTRODUCTION
Transformers in the electrical network are at risk of failure through several mechanisms. As with all assets, transformers are designed with a certain lifetime expectancy, usually around 40 -60 years for transformers (depending on the transformer service type) [1] . Despite this design life expectancy, assets do fail whilst in-service. For transformers, this can be due to myriad reasons, including: switching and lightning over-voltages; short-circuit events; thermal overloads; and ingress of impurities [2, 3] .
Addressing thermal overloads, a transformer subjected to high per-unit electrical loading will see increased losses, and this in turn will generate high temperatures within the transformer. The temperature increase is first seen in the conductors (where current flows). The point of most interest is commonly known as the 'hottest spot temperature' (HST). Thereafter, the heat generated conducts into the paper insulation and then into oil where it moves throughout the transformer via convection. Once the transformer is operating at high temperature, there are several potential failure mechanisms that could cause catastrophic failure of the transformer, described below: i.
High temperatures accelerate the natural ageing process of transformer insulation which reduces the expected lifetime of the asset [4] . ii.
If temperatures go beyond the flash point of the insulating oil then a fire may occur, destroying the transformer. Mineral type transformer oils are the most frequently used, and have a flash point temperature of approximately 140 °C [5] ; this is a feasible transformer operating temperature during extreme circumstances. iii.
Bubbles may form at elevated insulation temperatures [6] . Once bubbles form, there is the potential for a dielectric failure through partial discharge or flashover triggered by the bubbles.
Regarding the third of these three causes of failure, IEC Standard 60076-7 [7] sets an operational temperature limit of 140 °C to guard against bubble formation. A limit of 140 °C was suggested as far back as 1979 by Heinrichs in [8] . Within the standard this limitation is caveated as being applicable for transformers at 2 % moisture in paper.
It is not usually straightforward to determine that a transformer has failed due to a bubbling event as the evidence of this has often been lost. Instead, incidence of bubbling must be inferred by looking at the history of transformer operation immediately prior to the event, and this may not always be available. Resultantly, transformer failure surveys such as [2, 3] do not record failure due to bubbling. It is possible that the number of events linked to failure from bubbling may increase as the electrical network alters to integrate low carbon technologies and distributed generation. A significant example is the consequence of electrification of heating and transport at the domestic level [9] . This can cause large increases in peak load, introducing high temperatures coupled with rapid temperature rise, which is linked to bubbling in transformers.
In Fig. 1 , a timeline is presented of the research into bubble formation. Kaufmann was a prolific writer in the early stages of this topic [6, 10, 11] . This paper compares different experimental designs employed since Heinrichs and Kaufmann by five other sets of researchers [12] [13] [14] [15] [16] looking at bubbling in transformers. These experiments all looked to establish the main influences on the temperature at which bubble inception occurs. However, more information may actually be gleamed from their being considered together than alone. It is thus beneficial to draw out the underlying factors that may influence the temperature of bubble inception within transformers, and also on the laboratory experiment scale.
On considering, it is immediately evident that there is a level of disagreement among bubble inception temperature (BIT) expected in each of the different experiments (especially at the extremes of moisture content). It is desirable to understand why this is, with the aim of establishing a model that can be applied generally to any transformer or situation. 
II. DESCRIPTION OF RECENT EXPERIMENTAL SET-UPS
This section provides the pertinent details related to each of the five sets of experiments. They are presented in chronological order. Table 1 provides a summary of the main experimental features.
A. Oommen and Lindgren [12]
The test set-up used by Oommen and Lindgren established the formula used in [17] to predict at what temperature transformers are at risk of bubbling occurring for different insulation conditions. This formula is shown in Table 2 .
Their test set-up consisted of a coil arrangement (initially two coils in order to identify bubble generation through electrical methods, although the second coil was discarded for later experiments). The coil was submerged into a glass tank approximately eight times the height of the windings. While it is not specifically stated, it appears that Kraft paper and mineral oil are the materials under test.
The tests investigated the effect of moisture-in-paper; gasin-oil; and system pressure (as the sum of water vapour and gas pressure). A final variable introduced is the concept of gas blanketing versus conservator systems, however, the authors do not comment on any outcome from this. The results do provide a small sample to ponder though, tests numbers 3 (conservator) and 4 (gas blanketed) have similar moisture (0.6 % and 0.5 % respectively) and similar gas content (8.15 % and 9.95 % respectively), the results show no difference in BIT and therefore the type of head space pressure control appears not to be important in and of itself, although it may affect moisture and gas content.
B. Pryzbylek [13]
A heater inside a copper tube with paper insulation wrapped around it is then submerged within a glass container filled with oil. Kraft paper and mineral oil were used.
The results of the experiments were fitted by a least-squares method to generate formulae in the guise of Oommen and Lindgren, but with different coefficients.
In this paper Pryzbylek used paper of different age than in [12] , and so adjusted the formula to account for this. These formulae are also shown in Table 2 .
C. Koch and Tenbohlen [14]
Koch and Tenbohlen used their experiments to take into account the age of paper and oil, as well as different paper types (thermally upgraded and Kraft). The output of their study was the development of exponential relationships between BIT and the water content of paper, but with different coefficients depending on the material or material condition under study.
To do this they employed a simplistic-looking system, using a heated tube wrapped with paper, suspended in a beaker of oil. A pipe extended from the vessel to allow a pressure head of up to 1.5 m of oil to be maintained over the tube (this was used in all experiments).
Koch and Tenbohlen's work in this paper led them to suggest a formula for BIT. The formula takes a different form to that of previous authors (and relies only on moisture content, not gas content or pressure). The formulae at different insulation ages are shown in Table 2 .
D. Perkasa et al. [15]
The team at Monash University had similar set-up to Oommen and Lindgren in that they made use of a coil contained within a tank, in a similar style to [12] . Kraft paper was used, and oil was degassed for these experiments.
Notably, Perkasa et al. tested natural ester in addition to mineral oil, drawing an interesting conclusion, which will be further interrogated in the discussion.
E. Gao et al. [16]
Here, mineral oil and Kraft paper were again studied. The oil was degassed for the experiments, although a nitrogen blanketed system was used. The system design was small scale, making use of a heating tube within a copper tube onto which the paper was wrapped. This was then placed into a test chamber filled with the oil. The design is similar in style to that used in [13] . Step change in current (100 % → 163% 'rated' value)
Varied rates of temperature rise (2 -16 K/min)
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Partial discharge / visual Visual (camera) Visual (video recording) Visual observation Visual (high magnification camera) Table 2 -Bubble inception temperature formulae (where ϑ is the temperature in °C; W is the water content of paper in percent; γ is the gas content of oil in percent; P is the system pressure in kPa). III. DISCUSSION Based on the information given in Section II, it is evident that all authors have considered the moisture content of paper to be the most important parameter concerned with this topic, and the results of all these experiments appear to back that philosophy up. After assessing a variety of moisture in paper values, the experiments begin to diverge in their methodologies. By using Fig. 2 and Table 1 , it is possible to find the factors of an experiment that impact BIT.
A. Limitations of and Omissions in the Current Formula
The formula in [17] , developed in [12] includes water content of paper, gas content of oil, and the system pressure. These are all important factors that influence the temperature at which bubbles may form. Oommen and Lindgren themselves note that the formula 'is difficult to explain on a theoretical basis' [12] . The lines in Fig. 2 that refer to the formula (cyan and red) indicate that gas content only affects BIT at high moisture ranges. Temperature only really deviates due to gas content when operating at paper moisture content beyond standard transformer conditions. It is likely a transformer would be taken out of service on getting beyond 4 % moisture in paper (where differences become significant). It thus seems unnecessary to consider effect of gas.
B. Alternative Oils
In [15] , Perkasa et al. contrast the performance of a natural ester with that of mineral oil. The results show that the natural ester can has a higher conductor temperature at the onset of bubble formation. The temperature difference is most likely due to the thermal characteristics of the oils [19] . The experiments used the same current to heat the winding, and bubbles occurred after a similar time, therefore the same amount of energy was input into the system to cause the bubbling.
There are other factors to consider such as the ability of an insulating liquid to absorb moisture (i.e. its water solubility), and temperature gradients. A lack of results for alternative oil types makes this an area of concentration for future study.
C. Alternative Paper Insulation
The majority of investigative efforts have focused on Kraft paper. Koch and Tenbohlen in [14] did consider thermally upgraded paper, finding that higher temperatures were required to initiate bubbling for the same relative saturation. A second study by Pryzbylek [18] looked at aramid paper which concluded that the hygroscopicity of the insulation has a strong effect on the temperature required for bubbling (aramid paper was seen to require lower temperatures). Additional investigative work is thereby still required in this area.
D. Rate of Change of Temperature
There are other factors which are difficult to assess, but their importance to the validity of any formula seems vital. A prime example is the rate of change of temperature (RoCoT), which would be expected to reduce the required temperature for bubbles, as noted in [14, 16] . In [14] , a minimum rate of temperature increase of 3 K/min is quoted as necessary to generate bubbles, however [13] used a rate of 2 K/min and, as can be seen in Fig. 2 , achieved similar BIT. The results of [13] show a lower required BIT, which is contrary to commonly held wisdom regarding the effect of reduced RoCoT, and so it appears other factors are also influential in these results.
E. Paper Insulation Thickness
The thickness of individual paper layers and the total paper insulation thickness are given little credence in any of the current literature. There are several reasons why paper thickness may sway the BIT of the system. Primarily, the amount of paper is directly related to the absolute volume of water (rather than simply discussing the percentage present), and more water means the possibility of more bubbles. Secondarily, additional layers and / or thickness of paper mean that the moisture which is closer to the heat source (the 'conductor') will be more difficult to push to the surface, where it must appear in order for it to be released as a bubble -this could be extremely significant when very short-term high-loading events occur. It is also vital to note that the overlap of paper insulation wraps as the exposed edges of the outermost layer are the prime location for bubble generation, evidence of this is shown in [16] . It is not clear if more edges per unit length paper reduces BIT, but the indication is that more bubbles may occur once BIT has been reached. Most authors do not state the paper overlapping that they used.
F. Immediate Transformer Loading History
One factor that is generally overlooked is the loading situation prior to the extreme event. [16] conducted several loading cycles, and the results showed that BIT increased for successive load cycles. Reasons for this could be that:
all moisture capable of forming a bubble at the lower temperature is used in the early cycles and / or the insulation (solid or liquid) is not allowed sufficient time to cool and hence the RoCoT is not high enough to generate a bubble in later cycles.
G. Insulation Ageing
Both paper and oil conditions are assessed, in all cases by the gas and moisture content. However, only a little work has been done to investigate the effect of paper ageing (as measured by the degree of polymerisation (DP), or equivalent). [13] and [14] did look into paper ageing, but drew opposite conclusions to each other (possibly due to the effect of hornification in [14] ). [13] suggests that a reduction to 50 % DP is enough to move BIT for Kraft paper to below the current limit of 140 °C [18] .
Similarly, oil ageing is not well studied. The presence of impurities within oil is expected to reduce the required temperature for bubble inception, and this is shown in [14] . The temperature reduction seen in these experiments appears drastic (a reduction of around 15 K) and so it is slightly odd that no further investigations have followed up on this.
V. CONCLUSION There is interest within the industry regarding bubble formation in transformers; some investigations have already been performed. Due to forecasted changes in network load profiles, incidences of failure due to bubbling could become more prevalent.
The work of previous researchers has brought a degree of understanding to the field, most notably to suggest that the moisture content of the paper insulation is the largest factor that influences the temperature required to generate bubbles. However, there is more investigation needed to understand how differences in systems (e.g. insulation type) and differences in operation (e.g. recent transformer loading history) can impact BIT. Indeed, large differences in predicted BIT occur at the extremes of moisture content. Being unable to accurately predict BIT means that the operator of the transformer may operate the asset overly cautiously.
